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Introduction
There are growing concerns about whether a petroleum-based economy can be sustained in the coming decades, (Greene et al., 2005) . High crude oil prices, uncertainties about the consequences of climate change and the eventual depletion of conventional oil resources raise the issue of alternative fuels, such as nonconventional oil and biofuels, (Farrell and Brandt, 2006) . In particular, bitumen can be extracted and upgraded into synthetic crude oil, a substitute to conventional oil, (AEUB, 2006) . This paper describes a simple probabilistic model for projecting the cost of supplying bitumen, and sketches how this model can be expanded and generalised to project the costs of other alternatives.
Crude oil prices
Crude oil prices have increased dramatically in the past few years, with Europe Brent While some observers argue that high oil prices have been driven by cyclical changes, all drivers pushing in the same direction, others argue that current high oil prices are a consequence of structural transformations of the oil market, including the erosion of spare capacity due to lack of investment and strong world economic growth driven by China, the U.S. and the Middle East (EIA, 2007b) , see also (Stevens, 2005) . Some analysts claim that the recent oil price rise is the first sign of oil supply constraints, (Grubb, 2001) , and high oil prices have raised concern about oil scarcity, (Fattouh, 2007) .
Climate change
Climate change is a "serious and urgent issue" (Stern, 2006) . The transport sector is the fastest growing source of CO 2 emissions in Annex I countries 1 and remains fundamentally dependent upon petroleum (Grubb, 2001 and UNFCCC, 2005) . These anthropogenic CO 2 emissions accumulate in the atmosphere, leading to enhanced greenhouse effects and climate change. There are large uncertainties associated with this issue, from the scale of the impacts of climate change to the costs of mitigation (Stern, 2007 p33) , but a growing consensus that this is an issue that the oil industry cannot ignore, (Browne, 2006) .
Resources
Climate change analysts have traditionally focused on the aggregate carbon content of global fossil energy resources to argue that the extended use of fossil fuels is not compatible with atmospheric stabilisation targets for CO 2 . However, the distribution of resources across the different fossil fuels also matters, as even a 450ppm target for CO 2 concentrations would allow total carbon emissions over the next century to be substantially larger than those which would be produced by burning the total estimated resource base of conventional oil and gas:
"It implies that even the more ambitious targets for stabilising the atmosphere are not necessarily inconsistent with using all the gas and oil in conventional deposits. The longer-term problem of climate change arises from the fuller and longer-term use of coal, and of unconventional deposits such as heavy oils, tar sands and oil shales." (Grubb, 2001) As conventional oil becomes scarcer, the transport sector will remain fundamentally dependent on petroleum resources, if no oil substitute is available. Fuels from nonconventional oil resources are therefore likely to become the 'backstop fuel'.
However, these resources involve higher CO 2 emissions per unit of energy produced 1 Annex I Parties include the industrialised countries that were members of the OECD in 1992, plus countries with economies in transition (the EIT Parties), including the Russian Federation, the Baltic States, and several Central and Eastern European States, (UNFCCC, 2007) .
than conventional oil and gas, as they require more energy use in their extraction and upgrading, (Grubb, 2001 ).
In terms of investments in energy technologies, oil companies are expected to push towards 'the frontier of petroleum exploitation' rather than towards the renewable frontier, (Grubb, 2001) . With growing concerns about climate change, its social and economic consequences and the decline of conventional oil production (starting with non-OPEC oil supplies, see for instance IEA, 2007) , to the choice for solving the problem of energy supply for transport could lie between non-conventional oil and lower-carbon alternatives like biofuels.
Technological change
The role of technological change and learning has been well studied for low-carbon and other energy technologies (see for instance Grübler et al., 1999 and McDonald and Schrattenholzer, 2001) . As is the case for most emerging technologies, the cost reduction resulting from experience or cumulative production is an argument in favour of investing in new, less carbon intensive energy technologies. Growing importance has been given to the role of learning curves in modelling as a way to "identify technologies that might become competitive with adequate investment" (Grübler et al., 1999) . As stated in Grubb (2001) , the study carried out by Grübler et al. (1999) shows that "innovation in renewable energy sources potentially makes them competitive compared to long-term fossil fuel resources as the conventional cheap petroleum resources deplete". However, this study omits the possibility of resource extension through the use of non-conventional oil and coal-to-liquids and, according to Odell (1999) , there is "an inherent internal contradiction" when accepting the status quo of the future of oil supply and at the same time insisting on "incentives for innovation (...) to enable new energy technologies (such as solar and nuclear) to diffuse into widespread use", (Grübler et al., 1999) . The role of learning-by-doing in driving down costs has not normally been taken into account for non-conventional oil in climate change modelling. Odell (1999) recommends that this inherent contradiction should be eliminated in order to "build an internally consistent model for the evolution of the global energy market". Developing accurate experience curves for non-conventional oil is essential for calculating their potential competitive position against biofuels.
2 Theoretical framework and literature review
Decision theory, uncertainty and subjective probabilities
Decision theory is "designed to help a decision maker choose among a set of alternatives in light of their possible consequences"; each alternative is associated with one or more probability distributions (Web Dictionary of Cybernetics and Systems, 2007) .
One approach to measure the uncertainty of events is to use subjective probabilities that are based on reasonable assessments by experts. Those probabilities are subjective as they depend on the subject making the judgements, (Lindley, 1985 p20) . Bayesian theory uses these probabilities to represent the degree of belief of a subject. According to Lindley, probabilities are assumed to express a relationship between a person and the world. In practice, two observers may assign different probabilities to the same event and Lindley suggests that this difference arises due to different levels of information available to the observers.
The aim here is to express our uncertainty about the future costs of supplying alternative fuels. Uncertainty about future energy prices and technological developments is at the core of the economics of climate change, as the pace of technological change will greatly influence the costs of mitigating greenhouse gas emissions. Numerical modelling is used as a tool to help decision-making: a model is introduced that draws on the user's degree of belief about a series of parameters as an input (for example, Hope, 2006) . A probability distribution is assigned to these parameters and the basis of these probabilities is "up-to-date knowledge from science and economics", (Stern, 2006 p33) . The uncertainty associated with the validity of the input data is looked at, together with the influence of each parameter on the output.
Learning
Learning curves have been used in several areas to identify technologies that could become competitive with adequate investment, (Grübler et al., 1999) . To build a consistent model for energy supply, technological change should be taken into account for non-conventional oil as well as for renewable energy technologies.
Experience curves are a powerful tool for energy policy making, they are used to "assess the prospects for future improvements in the performance of a technology", (IEA, 2000) . They give an indication of the investments that are needed to make a technology competitive, i.e. to bring technology costs to the break-even point, (IEA, 2000) . Experience curves are normally described by the following mathematical expression:
with C t = unit costs at time t C 0 = initial unit costs X t = cumulative production at time t X 0 = initial cumulative production t = time b = experience curve parameter or learning coefficient (no unit), b≥0.
The experience curve parameter b characterises the slope of the curve, (IEA, 2000) .
The learning rate (LR) is a parameter that expresses the rate at which costs decrease each time cumulative production doubles, and is given by:
Cost reductions are ultimately limited by physical constraints, and a 'bottom line cost' (Tsuchiya and Kobayashi, 2003) should be introduced. The equation becomes:
with C min = minimum unit costs
Depletion
Depletion should also be taken into account when assessing the prospects for the costs of supplying fossil fuels.
Economists have used various models of extraction cost functions to calculate the optimal extraction path of mineral exhaustible resources. The simplest model assumes that the costs of extracting the resources are constant and independent of the remaining stock and of the extraction rate (Hotelling 1931) . Alternative models assume increasing marginal extraction costs as the resource is depleted or increasing marginal extraction costs with the extraction rate, or both, (Sweeney, 1992 p13 , (2003) . In addition, oil extraction costs are dependent upon the quality of the resource, and Sweeney shows that low-cost, high-quality resources will be produced before high-cost, low-quality resources: under competition, it is economically rational to produce the low cost, high quality resources first, (see also Hartwick, 1978) . It follows that under a given state of knowledge, the oil industry shows increasing costs, as an increase in output means that more is produced from high cost, low quality resources, (Adelman, 1993 p9 ).
This view has been criticised for instance by Rehrl and Friedrich who argue that producers can't in practice extract resources in order of increasing costs because of the nature of the discovery process, i.e. "cheapest oil is not necessarily found first", (Rehrl and Friedrich, 2006) . Adelman argues that in reality, "cheaper sources tend to displace more expensive ones, but this is a question of more or less, not of yes or no", c.f. (Adelman, 1993 p.19 ).
The approach taken by modellers is to try to reflect how costs could evolve with the growing difficulty of obtaining the resources under a given state of knowledge. In the RICE-99 model, Nordhaus (1999) introduced a carbon-energy supply curve with carbon fuels available at rising costs.
q(t) is the cost of extracting carbon-energy (1000$/ton) CumC(t) is the cumulative production (GtC) ξ 1 is the marginal costs, independent of exhaustion (1000$/ton) ξ 1 + ξ 2 is the maximum costs of extraction before reaching CumC* (1000$/ton) ξ 3 is the convexity of the curve CumC* is the point of diminishing returns in carbon-energy extraction (GtC) ξ 1 is the costs of extraction when CumC(t)=0. The second term is a rising cost function. A high value for ξ 3 means that the cost function for carbon fuels is relatively price-elastic in the near term. CumC* is the limited quantity of carbon-energy beyond which marginal costs of extraction rise very sharply, (Nordhaus, 1999) .
This model seems to be compatible with Adelman's view that "the amount of a mineral that is in the ground has no meaning apart from its cost of extraction and the demand for it", (2004 p16 To conclude, both depletion and technological advances are driving the supply of exhaustible energy resources and both need to be taken into account to forecast future non-conventional oil extraction costs. As Sweeney summarises: "extraction rates rise over time, perhaps rapidly, as the technology develops and demand increases (…). However, at some time, rising costs due to depletion of the resource start overtaking the decreasing costs due to technology advances. The extraction rate declines until ultimately all of the economical resource stocks are depleted", (Sweeney, 2004) .
The combination of both effects results in a U-shaped cost curve for nonconventional oil. Nordhaus' equation provides a general framework for modelling the extraction of fossil fuel resources. This form is very flexible thanks to its four parameters. The simpler models can be seen as special cases of this general cost function, c.f. (Sweeney, 1992 p94) , including the first Hotelling model of constant extraction costs.
Resources and Costs
This study aims to assess the future costs of supplying bitumen. Supply costs are the sum of capital costs and operating costs per unit of production, allowing for a return on the producer's investment. They include all costs associated with exploration, development and production, (NEB, 2004) . At present these costs do not include any costs to society associated with environmental impacts that have not been mitigated, such as greenhouse gas emissions.
There is no universally agreed terminology for hydrocarbon reserves and resources.
The oil in place is defined by the Canadian Grand Dictionnaire Terminologique as the quantity of oil estimated to be in a reservoir, (2007) . This terminology is used is several studies, including (Rogner, 1997) , (USGS, 2003) and (WEC, 2001 ). The amount of oil that can be recovered depends on the recovery factor. Total oil in place multiplied by the recovery factor gives the total recoverable oil resource.
Different views exist on the amount of oil in place and on the amount that can be ultimately recovered. Geologists see resources as a fixed stock that will eventually deplete. They are rather pessimistic about the technological potential of bringing nonconventional oil resources to the market and therefore they mainly focus on the occurrence of conventional oil, (UNDP, 2000) . Unlike geologists, economists consider hydrocarbon occurrences as 'neutral stuff' (Odell, 1998 ) that become a resource only if there is a demand for it, (UNDP, 2000), see also (Adelman, 1990) . 
Non-conventional oil
Conventional and non-conventional oil are usually distinguished by their physical properties: viscosity and density. Viscosity is a measure of the fluid's resistance to flow. It varies greatly with temperature. The oil viscosity at reservoir temperature determines how easily oil flows to the well for extraction, (USGS, 2003) .
Extra-heavy oil is more viscous and dense than conventional oil, it is still mobile at reservoir conditions: density < 20°API and 100cP < viscosity < 10,000cP.
Bitumen is more dense and more viscous than extra-heavy oil, it is not mobile at reservoir conditions, (Cupcic, 2003) : density < 12°API and 10,000cP < viscosity.
Oil shale is a fine-grained sedimentary rock rich in organic matter, (USGS, 2005) : oil shales contain kerogen, which is a solid, insoluble organic material.
Conventional oil can also be defined as oil produced by primary or secondary recovery methods, while non-conventional oil is not recoverable in its natural state through a well by ordinary oil production methods, (Grand Dictionnaire Terminologique, 2007) . Some types of heavy oil can flow very slowly but most require heat or dilution to flow to a well, (Centre for energy, 2007a). Bitumen does not flow at reservoir conditions and usually occurs in oil sands.
On the economists' side, the IEA estimates that resources of heavy oil and bitumen worldwide amount to around 6 trillion barrels, of which 2 trillion barrels are ultimately recoverable, (IEA, 2005a) . The USGS estimates that 651 billion barrels of natural bitumen and 434 billion barrels of heavy oil are ultimately recoverable worldwide, (USGS, 2003) . The USGS estimates the total oil shale resources to be at least 2.8 trillion barrels. This figure is conservative as several deposits haven't been explored sufficiently and some deposits were not included in the USGS survey, (USGS, 2005 p1 ). The chart below shows one view on the conventional and non-conventional oil in place. The figures presented on the graph above could suggest that non-conventional oil resources are known precisely and are highly concentrated geographically. But this graph only shows the estimates from one source: the amounts of non-conventional oil in place are not known precisely, and there is huge uncertainty on the amount of oil that will be ultimately recovered. Non-conventional oil resources could benefit from sustained high oil prices, and a renewed interest in those resources could boost the discovery effort and allow for the development of new deposits. The issue about nonconventional oil is less the size of the resources than the rate and costs at which they can be produced, (ASPO, 2003) .
Conventional and non-conventional oil in place
3 Research design
Methodology

Model -Learning and depletion
This is a forward-looking analysis of the upstream liquid fuel industry, which aims to describe the effects of both learning and production constraints on the costs of supplying fuels. The equation below summarises the first version of the cost model for bitumen, including both learning and depletion effects. The first part of the model translates the effect of learning on costs; the second part describes the effect of depletion on costs and is derived from Nordhaus. The depletion and learning effects are additive as the study aims at assessing their relative influence on the cost trend. Learning and depletion are driven by production (X t ). Learning drives costs down, and depletion drives costs up, as the resources become depleted and become more difficult to extract. X u is obtained by multiplying two parameters: the total oil in place (Q) and the recovery factor (R). The learning coefficient b defines the pace at which technological change is driving costs down.
C min is the minimum cost of supplying the resources C max is the maximum cost of the depletion.
C max + C min is the cost of extracting the last resources, i.e. when the resources get depleted.
Finally, the exponent of the depletion cost curve gamma defines the pace at which depletion is driving costs up. The cumulative production at time t (X t ) is exogenous.
The exponential form of the depletion part of the cost function is flexible as its parameters can be changed to fit simple as well as more sophisticated models.
Production
The cumulative production at time t (X t ) is obtained by summing over time the production rate at time t (x t ). The production rate is assumed to follow an S-curve: it grows exponentially before reaching a plateau (see Soderbergh, 2006) . The production rate is modelled as follows: The S-curve above is drawn for a=c=d=1, here t 1 = 0. Parameters a and c are defined by the upper bound of production capacity when time tends towards infinity and the actual production at time 0.
The speed of increase in production is also considered. The third parameter d is defined using the second derivative of the function. The speed of increase is influenced by the time t 1 when the slope of the logistic function stops increasing and starts decreasing (i.e. the inflection time). This model is not entirely satisfactory, as the production rate is determined exogenously. In practice, the production rate will depend on conventional and nonconventional oil prices, which in turn can be influenced by the cost of producing oil.
The learning, depletion and production parameters described above are not known precisely. The effect of uncertainty associated with these input variables on the resulting supply costs should be explored: uncertainty is introduced in the model by assigning subjective probability distributions to the model parameters.
Parameters for Canadian bitumen
In the first approximation, a triangular distribution is assigned to each parameter.
Each distribution is defined by a minimum, a maximum and a most likely value. The direction of the skew of the triangular distribution is set by the size of the most likely value relative to the minimum and the maximum, (Palisade, 2007) . A literature review is conducted in order to define the ranges of estimates associated with each parameter.
Learning
The learning effect is first considered separately and the learning coefficient b is calculated using the simple learning model described in the theoretical framework.
The simplest approach is to consider the logarithmic form of the equation: The experience curve theory, when used for technology forecasting, assumes that the learning rate will remain constant over time, and the model implies that the rate of learning for emerging technologies will be greater than for mature technologies.
According to Margolis (2002) , "the process of innovation is inherently uncertain". The potential for breakthroughs is difficult to quantify and is not fully captured in the experience curve theory. Also, the ability of a technology to continue benefiting from learning is uncertain (IEA, 2000 p92), as the learning curve theory ignores theoretical and technical limitations that may hinder further cost reductions. For these reasons, and in order to capture the uncertainty associated with the future learning pace of these technologies, a range of estimates is assigned to the learning rate parameter.
The calculated learning rate of 42% is rather high compared to other technologies (see McDonald and Schrattenholzer, 2001 ). Also, the oil sand extraction technologies could have benefited from previous learning from similar technologies in other mining industries. If so, the cumulative production to be considered when calculating the historical learning rate should include the production volumes of these industries.
This would result in a lower learning rate for oil sands extraction technologies and less dramatic cost decrease in the future. LR = 42% is therefore chosen as the upper bound of the range.
The IEA used data from the Oil and Gas Journal to estimate that Canadian oil sands show a learning rate of about 20% (this figure is obtained from a local fit, with the global fit showing a learning rate of 27%), (IEA, 2005a p116) . The report suggests that production costs, not supply costs, were used to calculate this learning rate.
However, it is not entirely clear what these costs include and which period of time was chosen. The 20% value is therefore chosen as the lower bound of the range.
A way to capture the theoretical and technical limitations mentioned earlier is through the parameter C min , the minimum costs of supplying bitumen, see (Anderson and Winne, 2003) . There is little information about what the minimum costs of supplying oil from non-conventional deposits will be in the future, as potential cost reductions are usually underestimated, (Anderson, 2005) . to produce one barrel of bitumen, so the upper bound of the range for C min is set at US$9/barrel. Bitumen will then be upgraded into synthetic crude oil, which is a substitute to conventional crude oil. The upgrading stage is not included in this analysis.
Some heavy oil can be produced using primary recovery, although it is very inefficient. The costs of primary recovery are generally low. In difficult offshore areas, it can range from US$2/barrel to US$10/barrel, (Roumasset et al, 1983) . The lower bound of the C min range is therefore set at US$2/barrel. The range for C min should also be compatible with the historical costs of supplying bitumen: production costs of US$10 per barrel have been observed (NEB, 2004 ) so the condition Cmin≤10 should be satisfied. C min is a very uncertain parameter, which explains its very wide range. (EIA, 1996) , while oil sands can be recovered by surface mining where deposits are less than 75 metres deep, (National Energy Board, 2000) . particular physical characteristics. The values found in the literature also depend on the assumptions made about the rate of return to the producer. The model will be later improved to include C 0 as a third learning parameter, with a probability distribution assigned to it.
Depletion
The estimates of the depletion parameters are obtained using the same method as previously. The logarithmic form of the depletion equation is considered: The recovery factor is the percentage of the total oil in place in a reservoir which can be recovered by a combination of primary, secondary and tertiary techniques, (Grand Dictionnaire Terminologique, 2007) . In this study, the ultimate recovery factor is the amount of oil that could ultimately be produced as a percentage of the total amount of oil in place in bitumen.
The U.S. Geological Survey (USGS) estimates the recovery rate for North American natural bitumen at 32%, (2003) . The Canadian National Energy Board estimates that about 12% of the bitumen in place is recoverable, (National Energy Board, 2004 p4).
According to the Alberta Energy and Utilities Board, 315 billion barrels of bitumen will be ultimately recoverable, "under expected technology and economic conditions", which also corresponds to a recovery factor of 12%. This figure is consistent with the IEA estimates of 300 billion barrels ultimately recoverable out of 2.5 trillion barrels of bitumen in place in Canada. The values 40% and 10% are chosen as the upper and lower bounds of the parameter range. However, the issue about non-conventional oil is less to do with the size of the resources than the rate at which they can be produced, (ASPO, 2003) . The combination of the production parameters t 1 and x max should cover this whole range of estimates.
There are several constraints that can hinder the growth of the production rate. First, the physical properties of the deposits can prevent oil from being extracted at a higher rate. Bitumen production is also constrained by the significant amounts of natural gas that are required for recovery, (IEA, 2004a) . More generally, higher bitumen production is bidding up the price of inputs, such as steel, electricity and natural gas, (Joint Economic Committee -US Congress, 2006), consequently inflating the costs of producing bitumen. Developing and extracting fossil fuels is capital intensive, and the timing of investment in production capacity depends on the cost of capital, (Krautkraemer and Toman, 2003) . The IEA estimates the capital cost of creating new capacity in Canada is about US$5 billion for 0.2 Mb/d, and argues that "mobilising the capital for exploitation of a significant fraction of the resources is likely to take several decades", (IEA, 2005a) . The production of bitumen in Canada has also raised environmental issues linked to energy and water consumption, greenhouse gas emissions and land degradation.
These constraints are acknowledged, but whether all of them will persist is uncertain.
According to Soderbergh, the long-term future of the Canadian oil sands industry relies on in situ production, (the initial volumes in place suitable for in situ production is twenty times that of mineable bitumen, EUB 2006), and in situ projects require lower investments than mining projects. It follows that more rapid development might also be possible. Although Soderbergh assumes supply growth to 2020 to be unconstrained by availability of investment capital, his estimate for 2040 could still be conservative as it only includes proposed oil sands projects. Also, according to the Joint Economic Committee of the U.S. Congress, the price of inputs should stabilise and decline in the longer-term. Advances in extractive technologies should lower the amount of inputs (e.g. natural gas) consumed per output unit, allowing production costs to decline again, (Joint Economic Committee -US Congress, 2006). With supply costs as low as US$10 -17 for bitumen, (NEB, 2004) , the constraints on energy and water resources could be seen as a frictional effect which could be overcome with investment and adequate policies. Table 3 summarises the ranges that are assigned to each parameter in the model.
Summary
The wide ranges translate the large uncertainty on these parameters. These ranges are illustrative: the figures are better than guesses, as the above discussion shows, but they are not the result of a formal elicitation exercise. It is assumed that all these parameters are independent. These ranges are fed into the model to obtain some preliminary results.
Parameters
Illustrative results -Canadian bitumen a. Production
The cumulative production at time t (X t ) in the model is obtained by summing the daily production rate (x t ) over time. The graph below shows the cumulative production of oil from Canadian bitumen deposits over time. The mean cumulative production reaches 55 billion barrels in 2050. This is only about 10% of the 'most likely' ultimately recoverable resource in Table 3 , and less than 10% of the USGS estimate of bitumen recoverable resources worldwide of 651 billion barrels, (2003) . The cumulative production curve is used as an input in the supply cost function below.
b. Supply costs
Using the model described earlier, the parameter ranges summarised above and the cumulative production shown above, the results shown in figure 6 are obtained for the supply costs of Canadian bitumen over time. 
c. Influences
The influences of each parameter on these results are examined more formally by using the correlation sensitivity analysis in Palisade's @RISK. The higher the correlation between the input and the output, the more significant the input is in determining the output values, (Palisade, 2007) . The correlations shown in figure 7 are obtained from a simulation of 10,000 iterations. 
Learning and depletion parameters
The results show that C min has the biggest influence on supply costs in 2025. This is mainly explained by the fact that quite a wide range is assigned to that parameter (c.f. Table 3) . A higher C min constrains the potential decrease in costs due to learning, which explains the positive sign of the correlation sensitivity.
The second most influential variable is the learning rate. The sign of the sensitivity associated with the learning rate parameter is negative, as a higher learning rate will induce costs to decrease further.
The third most influential parameter is the depletion exponent. As
, a higher exponent (γ) means lower costs, hence the negative sign of the sensitivity.
By year 2050, costs have started rising: in many runs, the depletion effect is comparable to the learning effect. C min still has the biggest influence on supply costs in 2050, due to the large uncertainty on that parameter.
The exponent of the depletion cost curve γ is now more significant than the learning rate. Again, because 1 ≤ u t X X supply costs are negatively influenced by γ.
Production parameters
Around year 2025, learning is the dominant effect so supply costs are decreasing (see Figure 5) , with learning being driven by production. The inflection time t 1 is the time when the growth of the production rate starts to decline, therefore a smaller t 1 means that production, and learning, happen sooner, hence the positive sign of the sensitivity. The same applies for the second production parameter x max (maximum production rate). A higher maximum for the production rate means that more oil is produced, driving costs further down through learning.
Depletion, like learning, is driven by production. A smaller t 1 means that production and depletion happen sooner, driving up supply costs in 2050 once depletion effects start to bite. The same applies to the maximum production rate x max . A higher value will increase supply costs in 2050.
Resource parameters
X u is the ultimately recoverable resources and only appears in the depletion term of the model. If the recovery factor R increases, X u increases, postponing depletion and its upward effect on costs, hence the negative signs of the correlation sensitivities.
The resources variables (total oil in place Q and recovery factor R) are more significant in 2050 than 2025 while the sign of their sensitivities remain the same. This is explained by the fact these parameters only appear in the depletion part of the model and that the depletion effect dominates over the learning effect in 2050.
Looking at these influences will help us to concentrate on the most influential parameters, in order to start refining the study. The most influential parameters appear to be C min , γ and the learning rate. The inflection time is less influential, but shows the interesting characteristic of changing sign between 2025 and 2050. Let's have a closer look at the influence of these parameters over time.
d. Evolution of correlation sensitivities over time
The graph below shows the evolution of the influence of the learning rate (red), the depletion exponent γ (yellow), C min (blue) and the inflexion time t 1 (green) on the supply costs between 2010 and 2050. Learning and depletion are driven by production. A smaller inflexion time t 1 means that production, and therefore learning and depletion, happen sooner. The results
show that the influence of the production parameter t 1 decreases as the learning effect becomes less dominant. It becomes negative when the influence of the learning rate is smaller than the influence of the depletion exponent.
C min is the most influential parameter over the whole time period. Its influence starts decreasing slowly as the depletion effect overtakes the learning effect around year 2040. This can be explained by the fact that as costs start to increase (in the 95% range of the supply cost curve, see Figure 5 ), C min becomes less of a constraint on the evolution of the costs of supplying bitumen.
Further work
The ultimate aim of this research is to reveal the effects of investments, learning, depletion and production constraints on the costs of supplying alternative fuels.
Developments of this first model will allow more progress to be made.
Addressing uncertainty
The correlation sensitivities previously presented in the case of Canadian bitumen showed that the most influential parameters were C min , γ and the learning rate (LR).
Various technologies are used to produce oil from non-conventional deposits (e.g.
mining and in-situ extraction technologies for bitumen). In order to address the uncertainty associated with the learning parameter C min , the learning rate and the depletion parameter γ, the model will be developed to treat those technologies separately. As a complementary approach, the uncertainty associated with the depletion parameter γ for non-conventional oil will be addressed by looking at historical costs of producing conventional oil. For the case of Canadian bitumen, some extraction techniques are very similar to those used when producing coal. The historical costs of supplying coal from European mines will therefore be examined.
Biofuels
The learning model will be applied to worldwide biofuels resources. In order to assess future supply costs of conventional biofuels, the research will focus on improvements in crop yields and potential economies of scale at the conversion plant. Second generation technologies can be highly efficient but are immature and involve high costs, (IEA, 2005a p20). For second generation biofuels, the emphasis will be put on technological change and learning in advanced conversion processes.
The cost and production functions of biofuels will depend on a number of key parameters associated with levels of uncertainty, e.g. land value, crop yield and learning rate of conversion technologies. The aim is to build a probabilistic distribution for the costs of biofuels in order to compare them with the costs of supplying liquid fuels from non-renewable resources.
Global oil market
The supply of alternative fuels needs to be considered in the wider context of world oil market. According to Gielen and Unander, "the prospect of alternatives to conventional oil sources (...) reduces the incentive for oil producers to collaborate to raise prices", (2005 p3). Non-conventional supplies are therefore likely to be a major contributor to market stability, (Bencherif, 2002) .
Whether new supplies from non-conventional resources, including biofuels, will affect the world oil price depends on the scale of those supplies. Non-conventional production could have an influence on the global oil market in either one of two cases: First if potential production volumes from non-conventional sources have been underestimated, second if future oil supply from OPEC has been overestimated.
The present model assumes no effect but this will be explored in further work. The potential impact of new supplies on the oil price would complicate the analysis as the actual rents would be lower than those expected by the producers, as additional supplies would lower the price of oil. Also, as learning and depletion are driven by production, the impact of new supplies on oil prices would affect the supply costs of producing liquid fuels, further impacting on the rents. However, from a social point of view, an increase in fuel supplies would be beneficial in sustaining lower oil prices.
The model will also be improved to include endogenous production rates, which will depend on conventional and non-conventional oil prices. Oil prices will in turn be influenced by oil production costs.
CO 2 constraints
The environmental costs associated with the production of bitumen are not included in the cost estimates available in the literature. In particular, the cost of carbon should be considered when assessing the cost-competitiveness of oil from non-conventional In 2050, the shadow price of carbon is estimated at 105 US$/tCO 2 eq (59.6£/tCO 2 eq), which would correspond to 7 to 8 US$/barrel (2005) with current CO 2 emissions, thus adding more than two thirds to the supply costs of bitumen in 2050 (see Figure 6 ).
High carbon prices would add to the costs of supplying carbon intensive fuels, either conventional or non-conventional, and would therefore stimulate the development of low carbon alternative fuels. The question remains whether carbon prices will be high enough to stimulate investment and induce technical change in low carbon energy technologies, including carbon capture and storage technologies, (IPCC, 2007 p44-45) .
In a carbon constrained world, carbon taxation or trading is very likely to play an increasing role in assessing investment risks and therefore carbon costs will have to be taken into account in investment decisions. Like high oil prices, high carbon prices will impact on investment into alternative fuels supplies, and will therefore influence the scale of production and trend in supply costs. From this perspective, there might be an economic case for including carbon capture and storage in non-conventional oil production under sufficient levels of carbon constraint.
Conclusion
This research ultimately aims to reveal the effects of investments, learning, depletion and production constraints on the costs of supplying alternative fuels. In this paper, a first model describing the effects of learning and depletion on the costs of supplying bitumen from oil sands deposits has been introduced. The learning, depletion, production and resources parameters of the model are not known precisely, and uncertainty was introduced by assigning a distribution to each parameter: the results show large uncertainties on the future supply costs of oil from bitumen. The most influential parameters appear to be C min , γ and the learning rate. Uncertainty on these parameters will be further addressed through model development, data collection and expert elicitation.
The supply of biofuels and carbon intensive fuels will also be considered in the wider context of the world crude oil market. The potential impact of additional liquid fuel production on the world oil market and world oil prices will be assessed. The political, social and economical acceptability of a tax on fuels from non-conventional oil and biofuels will also be studied. Finally, the study will explore the consequences of the above on the development of international investments and markets for biofuels and non-conventional oil.
It is expected that the study will inform decision makers on the type of policy and the scale and timing of investments that will be needed to meet the growing demand for liquid fuels while satisfying CO 2 constraints, and the first model described here is a step in this direction.
